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This thesis investigates different drying techniques for dental practice loads experimentally 
and numerically. Several experiments are carried out by changing both top and bottom wall 
temperatures while changing the ranges of the pressure pulses during the drying phase. The 
studies show that both cases result in the best drying quality with only 2 grams of water 
remaining on the pouches at the end of the cycle under the conditions where the pressure 
pulse ranges from 14 to 16 kPa at a wall temperature of 170ºC and when the pressure ranges 
from 14 to 18 kPa at a top wall temperature of 160ºC and a bottom temperature of 170ºC, 
respectively. In addition, several simulations are presented using the COMSOL 
Multiphysics software to study the effect of fluid velocity on the evaporation rate of water 
droplets. Also, the effects of changing the top and bottom wall temperatures on the natural 
circulation and thus on the average velocity inside the chamber. Finally, the effects of 
changing both the wall temperatures and the pressure pulses range from 15 kPa to 20 kPa 
after one complete pressure pulse is presented. The maximum energy and exergy 
efficiencies are obtained as 78.29% and 30.3%, respectively. 
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Chapter 1: Introduction 
In this chapter, worldwide energy needs, drying processes and Health concerns and 
sterilization are discussed briefly. The motivation and the importance of this topic are 
presented and finally, the objectives of this work are illustrated. 
1.1 Energy Needs 
Due to the industrial expansion and the population increase, the consumption of energy is 
drastically increasing over the years. BP statistical review report [1] shows that the annual 
growth rates of oil production in 2017 in Canada and the US are 8.1% and 5.6%, 
respectively, while oil consumption growth rates are 1.2% and 1%, respectively. Figure 1.1 
shows the energy consumption by sector since 1970 and projected to 2040. The energy 
consumed by the industry sector is under an annual demand growth rate of 1% since 1995 
to 2017 [1]. On the other hand, global energy demand is expected to increase by 50% by 
2030 [2]. Figure 1.2 shows the percentage change in energy consumption, oil consumption, 
oil production, and total oil proved reserves in Canada and the US. As it’s shown, Canada 
is facing challenges to keep up with the energy demand as it is increasing and the oil  
 
Figure 1.1 Energy consumption by end-user sector (data from [3]) 
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reserves are decreeing. This encourages researchers to find ways to decrease this energy 
consumption by finding more efficient systems or developing renewable energy resources 
to meet the increasing demand. One main energy consuming process in the industry is 
drying. Even though drying consumes a significant amount of energy in the industries, the 
current available drying technologies are not efficient when it comes to energy 
consumption. It has been estimated that the efficiency of drying processes in the industry 
range between 20% to 60% depending on the nature of the process and the product to be 
dried [4]. This significant contribution to the global energy consumption by drying 
processes necessitates the need to develop innovation drying techniques and technologies 
[5]. Drying is among the most energy consuming processes in the industry that represents 
a significant fraction of the energy consumed depending on the nature of the industry. For 
example, it consumes 70% of the total energy consumed in manufacturing wood products, 
50% in the textile fabrics industry and 27% of paper industry [6]. The total energy saving 
by utilizing the waste heat from drying processes in the industry is 377 trillion BTU which 
translates into $1240 million annually [7]. So, aiming for more efficient drying 
technologies will help, significantly, to reduce the total energy consumption in the world. 
 
Figure 1.2 Energy consumption, oil production, oil consumption, and oil total proved 
reserves percentage change between 2016 and 2017 in Canada and the US (data from [1]) 
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1.2 Drying Processes  
The removal of moisture from a wet solid, solution or gas is usually referred to as drying 
process and it’s often found in various industrial operations. For example, washed and 
centrifuged sugar crystals are being dried to get the finished product ready for packaging. 
Also, Soap bars are dried to decrease the water content before being ready to be used. Milk 
powder is produced by drying milk in a spray chamber. In the previous examples, there is 
a direct contact between the product and a hot gas that causes moisture loss from the wet 
material. For other heat sensitive products, heat is supplied by a heating medium like the 
wall of the dryer. Or even by the expulsion of moisture under vacuum which decreases the 
amount of required heat [8]. The causes of moisture are very different and the consequences 
of it can vary too depending on the nature of the industrial process. The causes of moisture 
include, but not limited to: 
 Cooling. Products are cooled as the last stage of production in many industrial 
processes. Water might be used for cooling which creates the problem of leaving 
water droplets on the product. For example ready meals, cans, and pet food. 
 Cleaning. Products usually have to be cleaned as the last step in production by being 
washed or rinsed which leaves some water droplets on the products. For example 
jam, sauces and soft drinks. Or even during the production phase, for example: 
when the outer surface of steel pipes should be rinsed with water after being washed 
with acids prior to the galvanizing process.  
 Steam. Some products are exposed to steam at the end of the process to be cleaned 
which causes the problem of having condensate on the product. For example: fruits 
and juices. 
Moisture which may cause many problems includes: 
 Contaminated environment. Moisture is difficult to control and it contaminates the 
space in which it’s presented. This becomes critical in products in which hygiene 
is of great importance like food.  
 Ink spills. Printing on a wet surface is not possible since whatever being printed is 
going to run out and become invisible. Some products require important codes or 
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dates to be printed on them and having a wet outer surface makes the product 
illegible.  
 Adhesive labels. As long as the outer surface of any product is wet, it’s not possible 
to stick labels on it. The glue used to stick labels work when the surface is 
completely dry. Labels might be very important for some products to include codes, 
date or any other information. 
 Damaging machines. Some machines during any industrial process are not 
designed to accept wet products. Having moist products can cause damages to 
machines during the manufacturing process. 
The drying process of any moist material is a complicated process that requires analysis 
of mass and heat transfer coupled since they occur simultaneously inside the material to be 
dried [9].  Due to the complications of drying of moist materials, extensive efforts have 
been made to understand and develop theoretical models that include both heat and mass 
transfer to accurately describe the drying phenomena [10]. Luikov [11] suggested that mass 
transfer potential is a more crucial variable than moisture content in moisture movement in 
porous bodies. Also, temperature gradient is an important driving force for mass flow in 
porous media as was suggested by Mukherjee et al. [12]. According to Yilbas et al. [9], the 
quantitative understanding of the drying process is what makes the process complicated 
and it’s mainly due to the following difficulties: 
 All the involved physical processes are non-linear.  
 Complicated exchanges and interactions 
 The dominating phenomena keep changing during the drying process based on the 
drying conditions. 
 The transport properties inside the material are function of both the moisture 
content and temperatures which means that they keep changing during the drying 
process.  
1.3 Health Concerns and Sterilization 
In the field of health care, safety is a critical issue in which every patient have the right to 
receive safe and reliable health services in which they should be kept free from any risks 
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of injuries in the hospital or any form of health care. The possibality for patients to 
experience adverse events in hospitals is significant, According to publishes reports and 
studies in Canada, the United States, the United Kingdom, Australia, New Zeland, and 
other countries show that between 4% to 16.6% of patients suffered some sorts of harm in 
hospitals, including permanent disability and death. However, 50% of those recorded cases 
were preventable types of harms, which are called preventable adverse events [13]. A 
preventable adverse event is defined as the unintended harm or injury that causes disability, 
death or prolonged hospital stay caused by health care management rather the ptient’s 
disease that got him or her in the hospital in the first place. Even though modern health 
care systems provide high-quality services, patients can still suffer from any sort of 
preventable harms which might include death.  
Dental health is an important part of our overall health since it affects the ability of 
eating, speech, social function, and self-esteem. Dental instruments can be either manually 
driven, air driven or electrically driven are used by dentists to prepare a tooth for receiving 
a restoration or to clean, polish and any other dental procedures. Those dental headpieces 
should be cleaned and sterilized between patient use since they become internally and 
externally contaminated after being used [14–19]. The sterilizing process is a widely used 
practice for the cleaning and the disinfection of medical and dental tools which is followed 
by a drying process to ensure no moisture is present in the pouches. The presence of 
moisture in pouches will promote bacteria growth, which is why the drying process is just 
as important as the other processes.  
1.4 Research Challenge and Motivation 
There are two types of table top autoclaves that are commonly used in the industry, a 
cassette type, and a chamber type. For this thesis, the focus is going to be on the chamber 
type. These devices sterilize loads by removing air from the chamber and exposing the load 
to saturated steam conditions of approximately 134°C and 2 bar for a number of minutes. 
Typical sterilizer loads, in the dental environment, consist of several pouches containing 
approximately 300 grams of dental instruments each. These pouches are typically 
fabricated with one side of transparent plastic and the other of a steam permeable paper. At 
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the end of the sterilization, this typical loaded pouch has approximately 4 𝑚𝑙 of liquid 
water on the load, saturating the paper and forming droplets on the plastic layer. Sterilized 
loads can be handled when there is no visible water in the loaded pouch. Sterilizer 
manufacturers must define complete cycle times based on dry output for the worst case 
load configuration. The user of the sterilizer is interested in achieving the shortest overall 
cycle time. It is therefore desirable to achieve the shortest possible drying time. The current 
limiting issue is typically small droplets which remain on the plastic inner side of the pouch. 
This droplet takes a long time to evaporate as there is a low thermal mass to provide the 
energy needed, the local environment in the pouch is moist and there is a low movement 
of the drying medium local to the droplet. So, the key challenge is to provide the least 
drying times for dental practice loads in a more efficient and cost effective manner. 
1.5 Objectives 
Improving the drying quality for the sterilization process is of great importance for a wide 
range of dental tools industries in Canada and worldwide. The main objective of this thesis 
is to develop new models and technologies for the drying phase at the end of the 
sterilization process for dental tools to decrease the time required for the process and 
enhance the quality of drying by having fewer water droplets on the instruments to be dried. 
So, this thesis aims to experimentally improve the drying quality and develop new 
mathematical models. 
The specific objectives of the thesis are listed below: 
 To study the effect of changing the flow velocity from 1.5 m/s to 3 m/s on the 
evaporation rate of water by measuring the amount of evaporated water over a 
certain period of time for different flow velocities. 
 To model and study the effect of changing the top and bottom wall temperatures on 
the natural circulation and thus on the average magnitude of the velocity of the fluid 
inside the chamber, the homogeneity of the mixture and average temperature of the 
fluid inside the chamber. 
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 To model and study the effect of changing both top and bottom wall temperatures 
from 150oC to 170oC and the pressure pulses ranges from 15 kPa to 20 kPa on the 
drying quality for the pouches after one complete pressure pulse.  
 To compare the drying quality, experimentally, by varying the top wall temperature 
from 150°C to 170°C while keeping the bottom wall temperature as 170°C and 
changing the upper limit of the pressure pulses created during the drying phase from 
16 kPa to 20 kPa while keeping the lower limit pressure as 14 kPa. 
 To measure and study the influence of varying the pressure pulses ranges and the 






Chapter 2: Literature Review 
In this chapter, drying in general and vacuum and dental load drying in particular are 
discussed. Furthermore, a literature review about phase change material (PCMs) is 
performed. Finally, the sterilization process in discussed 
2.1 Drying 
Drying is a widely used industrial process in which mass is transferred, usually water or 
moisture, from a solid or liquid. It’s a thermally driven process of great importance in many 
industries like pharmaceutical, chemical, agriculture, food, paper, wood, mineral, and solid 
fuel preparation. The drying process considered as energy-intensive industrial process [20]. 
For example, 15% of the energy consumption in North America is consumed in drying 
energy processes [21]. There are, mainly, two different types of drying: vacuum and 
conventional drying. The difference between conventional and vacuum drying is that in the 
vacuum drying, the total pressure difference is the driving force. Two main processes occur 
during the drying process, heat transfer that takes place from the surrounding environment 
to the moist object or surface to evaporate the moisture and the transfer of the internal 
moisture from inside the object to be dried to its surface [20]. 
2.1.1 Vacuum Drying 
Vacuum drying has been used since the early 1900s for wood drying [22], as the first US 
patent was issued in 1904, “Process for Drying Timber” [23]. Vacuum can be classified 
based on the heating source into four groups: Cyclic vacuum, dielectric vacuum, 
superheated steam vacuum and conductive heating vacuum [22]. Vacuum drying is 
recommended since it aids to decreases the overall cycle time [24]. In vacuum food drying 
process, the removal of moisture usually takes place under low pressure while heat is 
supplied from the heated plates in which the food is placed on top of the heating coils. This 
heat is used to supply the latent heat needed for the boiling of the water droplet. Usually, 
hot water is the source of heat in such applications. Jaya and Das [25] Studied the effect of 
mango pulp thickness and vacuum chamber plate temperature on the drying of mango 
pulps. The pulp thickness was varied from 2 to 4 mm while the vacuum chamber plate 
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temperature was ranging from 65ºC to 75ºC. It was found that the drying process should 
be carried out below 72.3 ºC with a maximum pulp thickness of 2.6mm. Sahari et al. [26] 
Studied the effects of temperature, pressure, and thickness on the dehydration of date 
powder. Four various scenarios were considered, (1000C and 20.4 kPa, 930C and 40.5 kPa, 
84 C and 72.8 kPa, 68 C 80.1 kPa). The optimum operation parameters were 850C, 72 kPa 
and 1 cm thickness during 7 hours in total drying time. Many factors were considered when 
choosing the optimum conditions, like moisture reduction, color quality, energy 
consumption, and economical feasibility. Zotarelli et al. [27] Studied the effect of multi-
flash drying on the water content of fruits. Based on the finding of this study, pressure 
pluses help cooling down the temperature of the surface of the fruit which increases the 
temperature differences between the fruits and surrounding air which will enhance the heat 
transfer process. 
2.1.2 Dental Load Drying 
During the drying process of dental loads placed inside pouches, condensation occurs 
inside the pouches as a result of contacting the steam with the load cooler surface. To 
complete the cycle, the load removed from the chamber should be completely dry since the 
presence of water droplets can cause re-contamination of the tools. The recommended 
drying phase pressure is 1 to 2 psi (6.9 to 13.8 kPa). Water at 6.9 kPa will boil at 38.70C, 
and the condensation will be removed during the vacuum process as it boils from the energy 
of the load itself. After a fixed amount of time, the load is cooled, and the temperature 
dropped to below the boiling temperature at the vacuum pressure. Keeping the load inside 
the chamber after the set drying time has no added benefit since evaporation is negligible 
after this point. The optimal drying time depends on the load density and the distribution 
of the load inside the chamber. For example, plastic may require additional drying time 
since it cools rapidly. Pulsed heated air or pulsed air can be used as an additional drying 
process [28]. So, some heating is required to keep the object temperature from falling 
below the boiling point at the vacuum pressure using one of the following methods: 1- 
Raising the temperature of the tools before starting the drying process. 2- Using radiant 
heat to warm up the entire chamber. 3- Heat up the tools inside the chamber using 
conduction heat transfer plate inside the chamber [29]. For wrapped instruments, the 
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recommended drying time is 20-30 minutes [30]. Drying an object at 250C in a vacuum is 
three times faster than drying it with air at 300C and 50% relative humidity [29]. Dion and 
Parker [28] Suggest that heavier pouches should be placed at the top shelf since 
condensation droplets are created due the contact of steam with cooler surface (pouches), 
and condensation droplets will fall from the top shelf to the lower shelves. In addition, it’s 
suggested to place a cotton sheet or line free towel in between the shelves to prevent 
condensation droplets from falling to the lower shelves which will aid the drying process 
and also increase the condensate surface area which will increase the evaporation rate. In 
addition, the positioning of the pouches plays a significant role in a successful drying 
process. The pouches should be positioned so that the condensate will is allowed to flow 
downward and not allowed to be collected. Dry air should be introduced to the chamber 
passing through a bacteria-free filter which will break the vacuum and help to complete the 
drying process [29]. 
2.2 Phase Change Materials 
Phase change material (PCM) is an energy storage material that releases heat in the form 
of sensible and latent heat. During melting and solidification, PCMs are capable of 
releasing a large amount of latent energy for a small volume [31,32]. PCM determines the 
temperature that the thermal energy is released when discharge occurs. PCMs are reusable 
and could be sourced from organic resources. They are usually hydrated salts that have 
great extent of heat energy stored in the form of latent heat which is absorbed or released 
when the materials alter state from solid to liquid or liquid to solid.  The PCM retains its 
latent heat without any alteration in physical or chemical properties over thousands of 
cycles. So, PCMs absorbs energy when heating and undergo a phase change, and then 
releases that heat when cooled [33]. Sensible heat is stored as thermal energy as the 
material, solid or liquid; temperature is increased. The amount of heat absorbed is a 
function of the material’s temperature difference, specific heat capacity, and mass. On the 
other hand, latent heat is absorbed when the material undergoes a phase change which is 
the most efficient thermal energy storage mode. Equations 2.1 and 2.2 show the amount of 
heat absorbed for the two modes. 
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In general, the phase change materials act as thermal batteries. When it is cooled 
down and frozen liquid, the temperature remains at the freezing temperature until a 
significant amount of heat is removed, releasing stored energy and allowing it to freeze. 
By using PCMs, the wires, the heater, the maintenance, can be eliminated and the 
temperature levels can remain high with lower costs. 
The PCMs freeze and thaw at the desired temperature, storing or releasing energy 
in the phase change process. PCMs can be derived from bio materials which bring higher 
sustainability and environmentally benign option. 
Inorganic PCM are engineered hydrated salt solution made from natural salts with 
water. The chemical composition of salts is varied in the mixture to attain essential phase-
change temperature. Distinctive nucleating agents are added to the mixture to minimize 
phase-change salt separation and to minimize super cooling that is otherwise characteristic 
of hydrated salt PCM. Salt hydrates are characteristic of being non-toxic, non-flammable 
and economical. 
Bio-based PCMs are organic materials that are naturally present fatty acids such as 
vegetable oil. Based on their chemical composition, their phase-change temperature can 
change. These products are non-toxic, non-corrosive and have infinite life cycles. 
However, they can be expensive and flammable at high temperatures. 
Organic PCMs are naturally existing petroleum bi-products that have their unique 
phase-change temperature. Paraffin wax consists of a mixture of mostly straight chain n 
alkanes CH3–(CH2)–CH3. The crystallization of the (CH3)-chain releases a large amount 
of latent heat. These products are generally produced by major petrochemical companies 
causing availability limitations. They can be toxic and expensive depending on the 




The PCM systems are expected to have the following properties: 
 Appropriate PCM with its melting point in the desired temperature range, 
 Appropriate heat exchange surface, 
 Appropriate container compatible with the PCM. 
PCMs can be classified into three main categories: a) low-temperature PCMs where 
the transition temperature is below 15ºC b) medium temperature PCMs where the transition 
occurs between 15ºC and 90ºC c) high-temperature PCMs where the transition takes place 
above 90ºC [34,35]. Table 2.1 shows a potential PCMs that can be used to enhance the 
drying process.  
Table 2.1  Different PCMs compounds 
Compound Heat of fusion (kJ/kg) 






Category Ref. No. 
AlCl3 280 192 Inorganic 
(solid-liquid) 
[36] 
MgCl2.6H2O 169 117 Salt hydrate 
(solid-liquid) 
[37][38] 










Solid-solid PCMs release lower latent heat when phase change compared to solid-
liquid PCMs. However, the main advantage of solid-solid PCMs is the smaller volume and 
the fact that they can easily be contained without leaking problems [43]. 
In this study, our focus is going to be on the drying process considering the 
properties in the sterilizing process as our initial state since we cannot change sterilizing 
time, pressure and temperature because it’s regulated, and the final state should be a dry 
product in the least possible time. In the developed process we should avoid poor 
performance, lower productivity, and high operation and maintenance costs. 
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The use of PCMs inside the chamber of the system is suggested, however, due to 
health concerns and regulations, nothing should be placed inside the chamber during the 
sterilization process. 
2.3 Sterilization 
Sterilization is any process in which all biological agents such as bacteria and viruses are 
eliminated, killed, removed or deactivated from a specified region of the surface. Any 
medical device that is used in contact with patient’s tissues involves the risk of infection. 
Such equipment must be properly disinfected or sterilized. Depending on the use of the 
tools or the equipment, high-level disinfection or low-level disinfection is required. Proper 
cleaning should proceed with any high-level disinfection and sterilization [44]. Rational 
and logical approach to disinfection and sterilization of medical equipment were developed 
over 45 years ago and the scheme is still used by professionals in this field to plan for 
disinfection and sterilization methods [45–48]. 
The steam sterilization method has been used for than a century as the main 
infection control method for objects that can withstand high pressure and temperature 
because it’s non-toxic, generally available and easy to control [28]. Six factors are 
fundamentally critical for a successful steam sterilizing process: a) time b) temperature c) 
moisture d) direct steam contact e) air removal f) drying [28]. The cycle time for the 
sterilizing process is defined when the output is completely dry at the worst load 
configuration. The dryness of the object is measured by the weight difference between the 
pouches before and after going through the sterilization process. For the safe use of dental 
and medical instruments, disinfection and sterilization should be used properly. 
Based on the literature, there are no experimental or numerical studies for the 
drying process for any sterilization machine for dental practice load. In this thesis, several 
experiments are conducted to measure the effects of several parameters on the quality of 
the drying process. In addition, different simulations are carried out to develop possible 




Chapter 3: Experimental Apparatus and Procedure  
In this chapter, the experimental setup is presented to study the effects of several 
operational parameters on the performance of the drying phase by measuring the 
improvement in the drying quality by measuring the weight of the water droplets remaining 
on and inside the pouches. 
3.1 Process Description  
This section defines the three different phases during the sterilization cycle, namely: 
Conditioning phase, sterilization phase, and drying phase. First, air is removed from the 
chamber by creating one or two pressure pulses in the first stage which is known as the 
conditioning phase. Saturated steam at 300 kPa at 134ºC is then introduced for 4 minutes 
to sterilize the pouches during the sterilization phase. Finally, the drying phase takes place 
to remove the water droplets from the pouches. The pouches in the chamber are made from 
a transparent plastic from one side and steam preamble paper from the other side that allows 
the stem and air to flow inside the pouches and clean the load. Figure 3.1 (a) shows the 
pouches when the tools are packed, and the pouches are sealed. Each pouch is 300 grams 
and the maximum number of pouches in a single process is 16, so the maximum total load 
to be dried is 4.8 kg. 
3.1.1 Conditioning and Sterilization Phases 
The time taken during the conditioning phase depends if it’s the first run of the machine or 
the machine is used before. The conditioning phase is defined as the phase in which the 
chamber is being pressurized to the required sterilization pressure. During the conditioning 
phase, saturated steam is introduced to the chamber to pressurize it. During this phase, both 
pressure and temperature inside the chamber increase until they reach the desired values of 
pressure and temperature which are 300 kPa at 134 ºC, respectively. The steam should be 
saturated which is defined as 97% dry and 3% moisture [49]. This can be done through 
multiple pressure pulses to ensure sufficient air removal from the chamber [28,29]. Then, 
the sterilizing phase takes place where both pressure and temperature are held constant. 
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The minimum sterilization time should be 4 minutes to kill any microorganisms [50]. At 
the end of the sterilization phase, the pressure starts to drop marking the start of drying. 
 
Figure 3.1 a) The transparent plastic side and the steam permeable paper side of the 
packed pouches. b) The trays inside the chamber without any load inside 
3.1.2 Drying phase 
The drying phase for this specific machine starts when the pressure drops after the end of 
the sterilization phase to 80 kPa and ends when it reaches up again to 80 kPa marking the 
end of the cycle. The total drying phase time is set by the user before running the cycle, it 
can be set between 0 minutes to 30 minutes. Zero minute drying time means that the cycle 
will end right after the sterilization phase, so no drying is taking place within the cycle. 
During the drying phase, the pressure can keep dropping the whole time by the built-in 
Venturi device or pressure pulses can take place instead of only dropping the pressure as 
it's going to be shown later in chapter5. The number of the pressure pulses created during 
the drying phase depends on the total drying time and the range of the pressure pulses. 
Obviously, the larger the range of the pressure pulses, the more time it takes to create each 
pressure pulse and thus less number of pressure pulses are created during a period of time. 
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3.2 Experimental Setup and Procedure  
Figure 3.1 (b) shows the chamber without any load inside. As it can be seen, it consists of 
4 racks to hold the pouches. Each rack is designed to hold 4 to 5 pouches which is 
equivalent to 1.2 kg-1.5 kg of load. 
 
Figure 3.2 Experimental steps 
 
Figure 3.2 shows the experimental steps followed while conducting the 
experiments. The first step is packaging the dental loads. Each pouch is design to carry 4 
tools, the average weight for each tool is 75 grams. The second step is weighing the 
pouches. After packaging each pouch, the weight is measured and recorded. Then, the third 
step is to number all the pouches and arrange them on the racks. The fourth step is to put 
all the 4 racks with all the numbered pouches inside the chamber. The fifth step is to run 
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the sterilization cycle and logging the required the values of pressure and temperature to 
monitor the performance of the cycle. The sixth step is to take weight measurements again 
to compare them with the original weights measured before putting then in the chamber. 
The seventh step to update the machine’s software to change either the wall temperatures 




Chapter 4: Modeling and Analyses 
In this chapter, the uncertainty analyses used for the experimental part is shown. In 
addition, the performance analyses used to calculate both energy and exergy efficiencies 
are illustrated. 
Depending on the flow type, different set of equations should be used to describe 
the flow. Choosing the type of flow to solve for the pressure and velocity is a crucial step 
in the simulation since the solution of the fluid flow is going to be used to solve other 
physical interferences like heat transfer and transport of concentrated species. In addition, 
the simpler and the more accurate the assumptions are to solve for the fluid flow, the easier 
it’s to solve, and the less time it takes in computations. 
In the analysis of any drying process, the ideal gas theory is essential since water 
vapor generated from the moisture removal behaves like idea gas. The idea gas theory 
states that the ideal gas can be described in terms of three physical parameters: the volume 
of the gas, its temperature, and pressure. When designing a drying process, both the 
mathematical model and equipment limitations should be considered to choose the best-
operating conditions for the drying process. A set of boundary and initial conditions should 
be appropriately chosen and then solved to accurately characterize the system and 
accurately predict the process parameters at any given time during the drying process. In 
addition, there are many correlations available in the literature to evaluate different 
parameters related to the drying process and required to develop the mathematical model. 
4.1 Uncertainty Analyses 
Uncertainty analysis is a technique that is performed to ensure the accuracy of the results. 
The total uncertainty can be expressed as follows: 








where 𝑈 = Uncertainty of variable  
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Random and symmetric errors are the two components of the experimental 




where 𝑆𝑖 = Systematic errors  and 𝑅𝑖 = Random errors   





where 𝑆 = Systematic errors  and ?̅? = Mean of results   
4.2 Performance Analyses 
Energy efficiency is of great importance for understanding how well a drying process 
performs [51]. Al-Ali and Dincer [52] highlighted the importance of energy and exergy 
analyses for any thermodynamic system through the analysis of the first and the second 
law of thermodynamics In the following analyses, the kinetic and potential energy values 
they are negligible. The main performance variables include heat, work, and energy 




+ 𝑔𝑧 = 0. The simplified scematic of the drying 
process is shown in Figure 4.2. 
Energy efficiency can be defined as the useful output over the required input. The 
energy efficiency of the drying process can be defined/expressed as follows: 
𝜂𝑒𝑛 =
(𝑚2 − 𝑚3) × ℎ𝑓𝑔
𝑚1ℎ1
(4.4) 
where the enthalpy of the drying air is defined as follows: 
ℎ1 = (ℎ𝑎)1 +  𝜔1(ℎ𝑔)1
(4.5) 
  Similar analysis was carried out by Dincer and Rosen [53], for the process of drying 
food items.  The mass of the water on the pouches was calculated experimentally for each 
of the experimental runs before and after the drying process. The mass of the drying air 
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was calculated based on the pressure pulses ranges. The average values of the pressure 
pulses were considered. The relative humidity of the drying air was assumed to be 0.1 for 
all the cases.  
The second law of thermodynamics is used with the conservation of mass and 
conservation of energy to conduct exergy analysis. According to Dincer and Rosen [53], 
the exergy of a system is defined by finding the maximum shaft work that can provided by 





where the physical exergy for the drying air includes the physical exergy of both air and 
humidity carried by the air, it is calculated as follows: 
𝑒𝑥1 = (ℎ𝑎,1 − ℎ𝑎,0) − [𝑇0 × 𝐶𝑝,𝑎 × ln (
𝑇1
𝑇0
) − 𝑅 × ln (
𝑃1
𝑃0
)] + [𝜔1 × (ℎ𝑤,1 − ℎ𝑤,0) −
𝑇0 × (𝑠𝑤,1 − 𝑠𝑤,0)]         (4.7)
 




Chapter 5: Results and Discussion 
In this chapter, the experimental results obtained by changing pressure pulses ranges and 
inner walls temperatures are presented. Moreover, the energy efficiency of the drying 
process for the different experimental configurations is presented. In addition, the results 
of the simulation obtained from the COMSOL Multiphysics software [54] are discussed. 
The simulations are mainly focusing on improving the evaporation mechanism inside the 
chamber. The effect of the flow velocity on the evaporation rate of a wet surface is studied. 
Methods to improve the circulation and increase the flow speed inside the chamber will be 
discussed in detail. Some methods for improving the circulation within the chamber 
include: a) wall temperature gradient b) condenser to create a cold zone on the back wall 
of the chamber to condense the moisture in one area. Finally, the effects of varying both 
pressure pulses ranges and top wall temperatures on the drying quality after one complete 
pressure pulse is presented in detail.  
5.1 Experimental Work 
In this section, 9 different experimental cases are analyzed to study the combined effect of 
changing the inner wall temperatures and the pressure pulses ranges experimentally. In 
addition, the energy and exergy efficiencies for each of the experimental cases are 
calculated. 
5.1.1 Different Walls Temperatures and Pressure Pulses Ranges 
In order to study the effects of both changing the range of pressure pulses and having 
different wall temperatures during the drying process, several experiments are conducted 
to investigate the combined effect of changing both pressure pulses ranges and the top wall 
temperatures. The lower limit of the pressure pulses was set as 14 kPa while the upper limit 
was increased with an increment of 2 kPa with a range of 16 kPa to 20 kPa. The reason for 
the 2 kPa increments is that not all the pressure values between 15 kPa and 20 kPa can be 
tested and there is not too much variation effect on small pulses due to control tolerance 
and similar results are expected due to this. For example for 14 kPa to 16 kPa pulses, the 
actual pressure pulses will be between 14 kPa ±1 kPa for bottom control and 16 kPa ± 2 
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kPa for top control. For this reason, the top pressure is varied as 16 kPa, 18 kPa, and 20 
kPa. In addition to varying the pressure pulses range, the top and the bottom wall 
temperatures are varied to compare the performance of the drying process to the original 
170°C constant walls temperatures. As the cold fluid has higher density, it’s expected to 
be trapped in the down half of the chamber. In order to enhance the mix and the circulation 
inside the chamber, the lower wall temperature is always set to either equal of higher 
temperature compared to the top wall temperature. For the following experiments, the top 
wall temperature is varied as 170°C, 160°C, and 150°C. So, the parameters for the 9 
experiments are as follows: 
 Pressure pulses range: 14 kPa to 16 kPa. Top wall temperature: 170°C. Bottom wall 
temperature: 170°C. Represented as: 14-16 (170-170) 
 Pressure pulses range: 14 kPa to 16 kPa. Top wall temperature: 160°C. Bottom wall 
temperature: 170°C. Represented as: 14-16 (170-160) 
 Pressure pulses range: 14 kPa to 16 kPa. Top wall temperature: 150°C. Bottom wall 
temperature: 170°C. Represented as: 14-16 (170-150) 
 Pressure pulses range: 14 kPa to 18 kPa. Top wall temperature: 170°C. Bottom wall 
temperature: 170°C. Represented as: 14-18 (170-170) 
 Pressure pulses range: 14 kPa to 18 kPa. Top wall temperature: 160°C. Bottom wall 
temperature: 170°C. Represented as: 14-18 (170-160) 
 Pressure pulses range: 14 kPa to 18 kPa. Top wall temperature: 150°C. Bottom wall 
temperature: 170°C. Represented as: 14-18 (170-150) 
 Pressure pulses range: 14 kPa to 20 kPa. Top wall temperature: 170°C. Bottom wall 
temperature: 170°C. Represented as: 14-20 (170-170) 
 Pressure pulses range: 14 kPa to 20 kPa. Top wall temperature: 160°C. Bottom wall 
temperature: 170°C. Represented as: 14-20 (170-160) 
 Pressure pulses range: 14 kPa to 20 kPa. Top wall temperature: 150°C. Bottom wall 
temperature: 170°C. Represented as: 14-20 (170-150) 
For all the previous cases, the experiments were done in which the drying time was set 
to be 15 minutes for each one of them. The values of the pressure during the cycle are 
recorded and shown in Figure 5.1. Three different lines are shown for each of the three 
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pressure pulses ranges: 14 kPa to 16 kPa, 14 kPa to 18 kPa and 14 kPa to 20 kPa. As it is 
shown, the drying phase starts when the pressure drops to 80 kPa after the sterilization 
phase and ends when it reaches 80 kPa again after the last pressure pulse as it was explained 
earlier in Chapter 3. It’s noted that the control of the pressure pulses is not perfect when it 
comes to the upper limit. However, for the lower limit of the pressure pulses, the pressure 
hits 14 kPa for all the cases before it starts increasing again which represents a good control 
over the lower limit. When the pressure range is set to be from 14 kPa to 16 kPa, the actual 
measured average value of the upper limit of the pressure pulses is 17.55 kPa which shows 
9.67 % difference from the original set value of 16 kPa. When the pressure range is set to 
be from 14 kPa to 18 kPa, the actual measured average value of the upper limit of the 
pressure pulses is 20.53 kPa which shows 14.06 % difference from the original set value 
of 18 kPa.  When the pressure range is set to be from 14 kPa to 20 kPa, the actual measured 
average value of the upper limit of the pressure pulses is 22.38 kPa which shows 11.88 % 
difference from the original set value of 18 kPa. The detailed values for the pressure at the 
upper limits of the pressure pulses seen in Figure 5.1 are shown in Table 5.1. 
 
Figure 5.1 Pressure variation during the drying phase of the cycle for the different 
pressure pulses ranges: 14 kPa to 16 kPa, 14 kPa to 18 kPa and 14 kPa to 20 kPa. 
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For the 15 minutes of total drying time, the number of pulses vary depending on 
the pressure pulses range. When the pressure pulses are from 14 kPa to 16 kPa, the number 
of pressure pulses are 6 complete pulses and one incomplete pulse where the pressure drops 
only to 16.3 kPa instead of 14 kPa before it starts rising again. When the pressure pulses 
are from 14 kPa to 18 kPa, the number of pressure pulses are 4 complete pulses and one 
incomplete pulse where the pressure drops only to 17.5 kPa instead of 14 kPa before it 
starts rising again. When the pressure pulses are from 14 kPa to 20 kPa, the number of 
pressure pulses are 4 complete pulses and one incomplete pulse where the pressure drops 
only to 18.9 kPa instead of 14 kPa before it starts rising again. 
Table 5.1 The variation between the set value of the upper limit of the pressure pulses 
and the actual measurements 
Pressure pulse range (kPa) 14-16  14-18  14-20  
Actual upper limit pressure (kPa) 16 18 20 
1st pressure pulses upper limit pressure (kPa) 19.31 22.76 24.08 
2nd pressure pulses upper limit pressure (kPa) 19.27 20.74 22.76 
3rd pressure pulses upper limit pressure (kPa) 18.14 19.27 21.48 
4th pressure pulses upper limit pressure (kPa) 17.84 19.35 21.18 
5th pressure pulses upper limit pressure (kPa) 17.25 - - 
6th pressure pulses upper limit pressure (kPa) 16.96 - - 
Average measurements (kPa) 17.55 20.53 22.38 
Error  9.67% 14.06% 11.88% 
5.1.2 Uncertainty Analyses 
Any experimentally measured value are subjected to error based on the device being used 
and the surrounding conditions. Table 5.2 summarizes the error value for the pressure 
measurements. 










Upper limit of the 
pressure pulse 
20 8.94 5.93 10.73 
18 9.74 7.95 12.58 




5.1.3 Experimental Results 
16 pouches are used for each of these experiments. Each pouch has a different load that 
was recorded before the start of any of the experiments. The total drying time for these runs 
was set as 15 minutes. As it can be seen in Figure 5.2, each of the pouches No. 6 and 10 
has one gram of water for the 14-16 (170-170) configuration. The performance is good in 
this configuration due to having a lot of pressure pulses since the range is relatively small 
and more pulses can be created. However, smaller pressure pulses mean less amount of dry 
air being introduced to the chamber which allows the moist air and the steam to remain 
inside the chamber. Figure 5.3 shows the drying results for the 14-16 (170-160) 
configuration. It’s noted that the performance is worse compared to the original fixed wall 
temperature and that’s due to the decrease in the average temperature of the chamber during 
the drying process. Pouches No. 8, 11 and 14 has one gram of water each while pouch No. 
12 has two grams of water. As the average temperature drops inside the chamber due to 
having lower wall temperatures, the products after the drying process are wetter. As it’s 
clear in Figure 5.4, pouches No. 6, 7, 9 and 10 has one gram of water each, while pouches 
No. 12, 13 and 14 has two grams of water for the 14-16 (170-150) configuration. 
 
Figure 5.2 Water droplets after the drying process for the 14-16 (170-170) configuration 
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Figure 5.5 shows the drying results of the configuration 14-18 (170-170). As can be seen, 
the performance is weak due to having less number of pulses which means that the pouches 
don’t breath and water is being trapped inside. Pouches No. 1, 2, 5, 8, 9, 10, 11, 14, 15 and 
16 have one gram of water each, while pouch No. 7 has two grams of water as shown in 
Figure 5.4. When changing the top wall temperature to 160°C, the performance is almost 
the same if not worse as it’s shown in Figure 5.6. Pouches No. 4, 5, 9, 11 and 15 have one 
gram of water each while pouches No. 7, 10 and 15 have two grams of water each. 
Surprisingly, when changing the wall temperature to 150°C for the same range of pressure 
pulses, the performance improves and becomes similar to 14-16 (170-170) configuration. 
It can be noted in Figure 5.7 that only pouches No. 14 and 16 have one gram of water each. 
Changing the pressure pulses range to 14 kPa to 20 kPa make the drying process 
even worse. As it can be seen in Figure 5.8, pouches No. 5 and 13 have one gram of water 
each while pouches No. 6, 7, 9, 11 and 12 have two grams of water each. Changing the top 
wall temperature to 160°C doesn’t show any merit as it’s clear in Figure 5.9. Pouches No. 
3, 5, 13 and 15 have one gram of water each, while pouches No.  6, 7, 9, 11, 12 and 16 
have two grams of water each. Lowering the top wall temperature to 150°C for the 14 kPa 
to 20 kPa results in the worst drying process quality. As it’s noted in Figure 5.10, pouches 
No. 2, 4, 5, 13, 14, 15 and 16 have one gram of water each, while pouches No. 6, 7, 9, 11 
and 12 have two grams of water each. 
The summary for all the results can be found in tables 5.1, 5.2 and 5.3. Figure 5.11 
shows the total water content remaining in all the punches at the end of each of the 9 cases. 
It’s noted that as the range of the pressure pulses increases, the drying quality decreases by 
having more water presented on top and inside the pouches. As it can be seen, both 14-16 
(170-170) configuration and 14-18 (170-150) configuration result in the best drying quality 
compared to all the other studies cases. Both of them results in only 2 grams of water 
droplets, in total, on all the pouches. The worst configurations are when the pressure pulses 







Figure 5.3  Water droplets after the drying process for the 14-16 (170-160) configuration 
 
 




Figure 5.5 Water droplets after the drying process for the 14-18 (170-170) configuration 
 
 




Figure 5.7 Water droplets after the drying process for the 14-18 (170-150) configuration 
 
 




Figure 5.9 Water droplets after the drying process for the 14-20 (170-160) configuration 
 
 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 5.11 Total amount of water after the complete cycle for different ranges of 
pressure pulses and top wall temperatures 
5.1.4 Drying Energy and Exergy Efficiencies 
Figure 5.12 shows the energy efficiencies for the different ranges of the pressure pulses 
and top wall temperatures. The highest energy efficiency was found to be 78.29%, which 
was achieved when the pressure pulses range was between 14 kPa to 16 kPa and the top 
wall temperature was 170°C. The lowest energy efficiency was found to be 35.17%, when 
the pressure pulses range was between 14 kPa to 20 kPa and the top wall temperature was 
160°C. Figure 5.13 shows the exergy efficiencies for the different ranges of the pressure 
pulses and top wall temperatures. The highest exergy efficiency was found to be 30.3%, 
which was achieved when the pressure pulses range was between 14 kPa to 18 kPa and the 
top wall temperature was 150°C. The lowest energy efficiency was found to be 15.46%, 
when the pressure pulses range was between 14 kPa to 20 kPa and the top wall temperature 
was 160°C. It’s noted from the energy and exergy analyses that when the pressure pulses 
range is the largest, 14 kPa to 20 kPa, both energy and exergy efficiencies drop which 
shows the worst performance in terms of energy and exergy efficiencies. Unlike the energy 
efficiency, the exergy efficiency doesn’t vary significantly with varying the humidity of 
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the drying air. This mainly due to the fact that the amount of water carried by air at low 
temperatures is relatively small and thus its physical exergy content becomes negligible.  
 








5.2 Numerical Study Results 
In this section, the results of the simulation carried out by the COMSOL Multiphysics 
software is presented. First, the effect of the flow velocity on the evaporation rate is shown 
by simulating a flow of air over a glass filled with water. In addition, the effect of varying 
wall temperatures on the velocity of the fluid inside the chamber is shown by simulating a 
simple 3D cylindrical chamber with the exact same geometry of the real chamber. In 
addition, the effects of installing a condenser inside the chamber instead of varying the wall 
temperatures and the velocity of the fluid inside the chamber is also shown. Moreover, the 
development of a mathematical model to come up with correlations for the drying process 
relating the change of pressure inside the chamber with time using artificial intelligent 
algorithm by the software Eureqa-Formalize is shown. Finally, the effect of both varying 
wall temperatures and pressure pulses ranges on the mixing of steam and air inside the 
chamber and the average magnitude of the velocity of the fluid inside the chamber is also 
presented using a 2D model with a full load of pouches.  The effect of Flow Velocity on 
the evaporation rate 
5.2.1 The Effect of Air Velocity on the Amount of Evaporated Water 
In this section, the effect of the dry air velocity and temperature on the amount of 
evaporated water is analyzed and modeled numerically. For this simulation, a beaker filled 
with water is used to test the evaporation rate. The beaker is surrounded by an air domain 
as shown in Figure 5.14. The airflow transports the water vapor. The approach used here 
neglects volume change of the water inside the beaker. This is a reasonable assumption for 
problems where the considered time is short compared to the time needed to evaporate a 
noticeable amount of water. The beaker is made of aluminum and contains hot water at 
80°C and enters the modeling domain with this temperature. For modeling evaporative 
cooling, three effects must be taken into account: the turbulent flow of the air around the 
beaker, heat transfer in all domains, and transport of water vapor in the air. The results of 




Turbulent Flow is used to simulate the air flow in this simulation. Namely Low Re 
k-ε interface, because the Reynolds number is low and turbulent effects must be 
considered. All the turbulence variables are solved for the whole domain to provide 
accurate input values for the transport equation. Assuming that the velocity and pressure 
field is independent of the air temperature and moisture content. This allows to calculate 
the turbulent flow field in advance and then use it as input for the heat transfer and species 
transport equations. Heat Transfer, the heat transfer inside the beaker and water is due to 
conduction only. For the moist air, convection dominates the heat transfer, and the 
turbulent flow field is required. The material properties are determined by the moist air 
theory. Moister Transfer, to obtain the correct amount of water which is evaporated from 
the beaker into the air, the Moisture Transport in Air interface is used. The initial relative 
humidity is assumed to be 20%. 
 
Figure 5.14 The geometry used in the first simulation 
 
This simulation shows the effect of the flow velocity on the evaporation 
mechanism. Bansal and Zealand [55] Presented simple empirical correlation to predict the 
rate of water evaporation from small exposed water bodies. The correlation is a function 
of air velocity and the difference between the saturated vapor pressure of the water body 
and partial vapor pressure of the surrounding air. 
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Different mesh sizes were used to choose the perfect mesh size, yet the one that 
requires less computational time, to carry on with the simulations. The Figure 5.15 shows 
the mesh independent study to choose the perfect mesh for this simulation. Going from 
195,496 elements to 236,971 elements results in 3.8 % difference in the results which is 
considerably high. Another finer mesh was chosen with 296,434 elements and the 
difference in the results from the previous mesh was only 0.9 % which is acceptable. So, 
in this simulation, a mesh with 236,971 elements was used as it’s shown in Figure 5.15. 
The assumed initial and boundary conditions for this model is shown in Table 5.6 
 
Figure 5.15 Variation of the total amount of evaporated water with different mesh sizes 
 
Table 5.6 Initial and boundary conditions used in the simulation 
Flow type Turbulent 
Compressibility type Incompressible flow 
Turbulence model type RANS, Low Reynolds number k-e 
Initial pressure Ambient pressure 101.325 kPa 
Inlet conditions velocity of 1.5 𝑚/𝑠, 2 𝑚/𝑠, 2.5 𝑚/𝑠 and 3 𝑚/𝑠 at 100°C and 
20% relative humidity 
Outlet condition Normal stress of 0 𝑁/𝑚2 
Initial temperature 100°C 
Solid type Glass 
Water initial temperature 50°C 




Figure 5.16 The mesh with 382,350 elements used in the simulation 
 
Figure 5.17 shows the variation of the total amount of evaporated water over 
different flow velocities. This was calculated by multiplying the average normal moisture 
flux value over the simulation by the total time of the simulation. The amount of evaporated 
water increases as the air velocity over the wet surface increases. These results are expected 
as was suggested by [55]. In the drying process, the only non-mechanical way to increase 
the flow velocity is by enhancing the natural circulation inside the chamber. As it can be 
seen, doubling the value of the velocity from 1.5 m/s to 3 m/s increases the amount of 
evaporated water from 2.4 grams to 49 grams which shows the high effect of flow velocity 
on the evaporation rate. In the next sections, some methods to increase the flow velocity 
over the wet pouches during the drying process to improve the evaporation rate. 
5.2.2 The Effects of Varying Wall Temperatures on the Flow Velocity 
For these simulations, a 3D cylinder representing the chamber containing a mixture of 
steam and air initially as shown in Figure 5.18. To simplify the simulation, air is assumed 
to occupy the bottom half of the cylinder while steam is at the top part of the chamber due 
to the fact that steam being less dense than dry air and thus, steam will occupy the top half 
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of the chamber. The initial temperature of the air and steam is assumed to be 134°C while 
the walls have different constant temperatures that range between 150°C to 170°C. The 
main objective of these simulations is to compare varying both the top and the bottom wall 
temperatures with the original configuration in which both the top and the bottom wall 
temperatures are 170°C. It’s expected that having a higher wall temperature at the bottom 
will results in better circulation and mixing since the clod fluid mainly accumulates in the 
bottom half. However, both ways were simulated. In other words, both top and bottom wall 
temperatures are being varied between 150°C and 170°C. The walls temperatures 
configurations used were as follows: 
Bottom wall temperature = 170°C, Top wall temperature = 160°C (170-160 configuration) 
Bottom wall temperature = 170°C, Top wall temperature = 150°C (170-150 configuration) 
Bottom wall temperature = 160°C, Top wall temperature = 170°C (160-170 configuration) 
Bottom wall temperature = 150°C, Top wall temperature = 170°C (150-170 configuration) 
Bottom wall temperature = 170°C, Top wall temperature = 170°C (150-170 configuration) 
 
 




The simulations in this sections are meant to show the effect of having different 
wall temperatures to enhance the natural circulation and thus increase the velocity of the 
fluid inside the chamber during the drying process. The assumed boundry and initial 
conditions of the simulations are shwon in Table 5.7 
 
Figure 5.18 The geometry of the chamber used in the simulation 
 
Table 5.7 Initial and boundary conditions used in the simulation 
Flow type Laminar 
Compressibility Incompressible flow 
Turbulence model type None 
Initial pressure Ambient pressure 101.325 kPa 
initial temperature 134°C 
Lower wall temperature varied between 150°C, 160°C and 170°C 
Upper wall temperature varied between 150°C, 160°C and 170°C 
Initial composition of the lower half of the chamber 100% water vapor 




For these simulations, different mesh sizes were tested and simulated for 2 seconds 
to obtain the best mesh that requires the least computational time. Figure 5.19 shows the 
average velocity of the flow in the top half of the chamber after 2 seconds. As it can be 
seen, going from 48,598 elements to 137,849 elements results in 3.6% error in the average 
value of the velocity. So, another mesh size of 460,032 elements results in only 1.5% error 
value. So, the mesh size of 137,849 elements is used for this simulation. The mesh is shown 
in Figure 5.20. 
 
Figure 5.19 The variation of the average velocity in the top half of the chamber with 
different mesh sizes for the (170-160) configuration 
 
As it can be seen in Figure 5.21, the 170-150 configuration results in the highest 
circulation velocity inside the chamber compared to other wall temperatures 
configurations. While as the temperature difference between the top and the bottom wall 
decreases in the 170-160 configuration, the natural circulation is not as effective to force 
the air and steam to circulate and interact. On the other hand, having a high wall 
temperature for the top wall is not going to enhance the circulation as it’s the case for the 
other configurations. It’s shown that the average velocities inside the chamber after 20 sec. 
are 0.044 m/s, 0.031 m/s, 0.017 m/s 0.014 m/s, 0.024 m/s for the (170-150), (170-160), 
(160-170), (150-170) and (170-170) configurations. The configuration in which the top 
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wall temperature is 150°C and the bottom wall temperature is 170°C is the best 
configuration for enhancing the circulation inside the chamber. In other words, the (170-
150) configuration enhances the average velocity inside the chamber by 83.6% compared 
to the current situation in which both the top and the bottom walls have the same 
temperature of 170°C. 
 
Figure 5.20 The mesh used for the simulation of the 3D chamber 
 
Figure 5.22 shows the steam concentration over time in the different scenarios that 
were used in the study. The optimum point is to go for 0.5 mass fraction since the mass 
fraction is shown in Figure 5.21 is only for the top half of the chamber. Initially, the steam 
concentration at the top half of the chamber is assumed to be 100% and preferably, 
enhancing the circulation should results in 50% steam concentration eventually, the 170-
150 configuration results in the closet value to the desired value of the distribution. 
However, running the simulations for more than 20 sec. will results in finally having the 
50% concentration for all the configurations, however, to minimize the time needed for 
that, both the170-170, 170-150  and 170-160 configurations show the best potential since 




Figure 5.21 Average magnitude of the velocity variation of the fluid in the chamber 
variation with time for the different wall temperatures configurations 
 
 
Figure 5.22 Average steam mass fraction variation in the top half of the chamber 
comparison between different wall temperatures configurations 
 
Figure 5.23 shows surface plots for the steam concentration the all the considered 
configurations after 5 sec., 10sec., and 20sec. The best scenario is to have a uniform 
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distribution throughout the chamber. It’s noted that the 170-150 configuration results in 
the most uniform distribution for both steam and air after 20 sec. The enhancement of the 
distribution of both steam and air is going to help in venting more steam during the 
vacuuming part during the cycle which is desirable. Since air has a higher density than 
steam, it’s going to be more concentrated in the bottom half of the chamber, and all the 
holes in the chamber act like outlet during the vacuuming phase in which 3 of them are 
located in the bottom half of the chamber while only one hole is located in the top section. 
Enhancing the mixing between air and steam will decrease the mass of air venting out the 
chamber during the pressure pulses and increase the amount of vapor out. 
Table 5.8 shows the magnitude of the average velocity of the fluid in the chamber, 
the steam mass concentration in the top half of the chamber and the average fluid 
temperature in the temperature over the total time of the simulation which is 20 seconds 
for all the 5 previously mentioned configurations. Compared to the 170-170 configuration, 
setting the top wall temperature as 150°C results in increasing the average velocity of the 
fluid in the chamber from 0.024 m/s to 0.044 m/s after 20 seconds which represents 83.6% 
improvement. While the average velocity of the fluid when the top wall temperature is 
160°C, the average velocity is 0.031 m/s which represents 31.2% improvements. The other 
two configurations in which the bottom wall temperature is less than the top one results in 
lower average velocity than the base 170-170 configurations. On the other hand, changing 
the top wall temperature in the 170-160 and 170-150 configurations don’t show any 
noticeable improvements in the homogeneity of the mixture compared to 170-170 
configuration. While changing the bottom wall temperature in the 160-170 and 150-170 
configurations results in a less homogenous mixture which is not desired. Even though that 
changing the top wall temperature shows merit in enhancing the average magnitude of the 
velocity, it negatively affects the average temperature of the fluid inside the chamber. It’s 
common sense that when both the top and bottom wall temperatures are 170°C, the average 
fluid in the chamber is going to be higher compared to when having lower wall 
temperatures. After 20 seconds, the average fluid temperature inside the chamber drops 
from 158.1°C to 149.8°C and 154.1°C when the top wall temperatures change to 150°C 
and 160°C, respectively. So, the 170-150 configuration results in a 5.2% drop in the 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































5.2.3 The Effects of Having a Cold Condensing Zone on the Flow Velocity 
One suggestion to improve the circulation inside the chamber was to install a condenser at 
the back of the chamber. The reason for placing the condenser at the back wall of the 
chamber is to prevent any condensation from drooping on top of the pouches and causes 
them to be wet. In this section, the merit of installing a condenser is studied and compared 
with the results of having two different wall temperature in terms of enhancing the natural 
circulation phenomena and the average magnitude of the velocity inside the chamber. The 
geometry of the chamber with the condenser is shown in Figure 5.24. The condenser is 
assumed to have a constant temperature of 20°C, while the wall temperatures are kept 
constant at 170°C. For this simulation, the same mesh from the previous section was used 
since they have similar geometries. The results of this simulation in terms of enhancing the 
circulation inside the chamber and increasing the flow velocity is going to be compared 
with the (170-150) configuration since it showed the best performance in the previous 
section and with the current 170-170 configuration to show how much improvement can 
be obtained by installing a condenser. Figure 5.25 shows the mesh with 183,759 elements 
used for this simulation. The boundary and initial conditions of these simulations are shown 
in Table 5.9. 
 




Figure 5.25 The mesh used for the simulation of the chamber with a condenser 
 
Table 5.9 Initial and boundary conditions used in the simulation 
Flow type Laminar 
Compressibility Incompressible flow 
Turbulence model type None 
Initial pressure Ambient pressure 101.325 kPa 
initial temperature 134°C 
Lower wall temperature varied between 150°C, 160°C, and 170°C 
Upper wall temperature varied between 150°C, 160°C, and 170°C 
Initial composition of the lower half of the chamber 100% water vapor 
Initial composition of the bottom half of the 
chamber 
100% dry air 
Condenser initial and fixed temperature 20°C 
 
Figure 5.26 shows the velocity variation in the average magnitude of the velocity 
of the fluid inside the chamber with time comparing both the (170-150) and the (170-170) 
configurations with velocity variation when having a condenser at 20°C. As can be seen, 
the condenser acting like a cold zone in the chamber enhances the velocity distribution 
significantly. The temperature difference created by the condenser is larger than the 
temperature difference between the two walls in the (170-150) configuration which 
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improves the natural circulation mechanism much more compared to the (170-150) 
configuration. After 20 sec., the average magnitude of the velocity inside the chamber with 
a condenser is 0.142 m/s compared to 0.044 m/s in the (170-150) configuration and 0.024 
m/s using the current (170-170) configuration.  
 
Figure 5.26 Average magnitude of the velocity variation of the fluid in the chamber 
variation with time for the 170-150 configuration, 170-170 configuration and with a 
condenser 
 
Figure 5.27 shows the average steam mass fraction variation with time in the top 
half of the chamber comparing the performance between changing the wall temperatures 
and installing a condenser. It’s clear installing a condenser doesn’t show a huge 
enhancement in the distribution of both steam and air inside the chamber compared to both 
the (17-150) and the (170-170) configurations after 20 seconds since the change in the 
mixture homogeneity stops after the first few seconds. However, a condenser helps in 
reaching a better homogeneity level in less time compared to the other two configurations 
as shown. Figure 5.28 shows the steam mass fraction distribution variation with time in 
surface plots to compare the performance of the chamber with a condenser and the chamber 
with the (170-150) and the (170-170) configurations. It’s clearly shown the mixture of 





Figure 5.27 Average steam mass fraction variation in the top half of the chamber 
variation with time for the 170-150 configuration, 170-170 configuration and with a 
condenser 
 
Table 5.10 shows the results of the simulations comparing the average magnitude 
of the velocity, steam mass fraction in the top half of the chamber and the average 
temperature during the simulation time of 20 seconds for the (170-150) configuration, 
(170-170) configuration and with a condenser. As it can be seen and discussed earlier, 
installing a condenser drastically improves the average flow velocity inside the chamber 
compared to the best scenario which is the (170-150) configuration. Installing a condenser 
increases the average magnitude of the velocity after 20 seconds by 496.8% compared to 
the original (170-170) configuration, it also improves it by 225.0% compared to the (170-
150) configuration. In addition, the condenser enhances the homogeneity of the mixture by 
helping in reaching a more homogeneity level in less time. As it’s shown, the chamber with 
a condenser required around 6 seconds to reach to almost a steady state of homogeneity 
level while it takes 11 seconds and 15 seconds for the (170-150) configuration and the 
(170-170) configuration, respectively. However, installing a cold coil acting as a condenser 
in the chamber will cause the temperature of the fluid to decrease which will increase the 
relative humidity of the air inside the chamber for the same water content carried by air 
flowing inside the chamber while creating the pressure pulses. This is going to decrease 
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the air ability to carry moisture from the pouches. After 20 seconds, the average 
temperature inside the chamber is 139.8°C compared to 158.1°C for the (170-170) 
configuration, this represents 11.6% decrease in the average fluid temperature. 
 
Figure 5.28 Steam mass fraction distribution after 5, 10 and 20 sec. for the (170-150) 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































5.2.4 Mathematical Model for the Pressure Pulses 
As it was explained earlier, the drying process starts when the pressure in the chamber 
reaches 80 kPa and ends when it reaches this pressure level again. The time required for 
drying is defined as the time when the pressure inside the chamber is 80 kPa at the initial 
state and going back to 80 kPa again after the pressure pulses take place in between. 
Usually, the pressure goes down to 14 kPa as suggested by [24] for the optimum pressure 
required to enhance the boiling of water droplets at low temperature and pressure. During 
the drying process, pressure pulses are created by vacuuming and pressurizing the chamber 
several times creating what we called pressure pulses to allow the pouches to breathe and 
enhance the boiling of the water droplet stuck inside the pouches. The number of pressure 
pulses created depends on the total drying time and the range of pressure pulses. As time 
increases, more pressure pulses can be created. In addition, the lower range of pressure 
pulses allows more pulses to occur during a specific time. The objective of this model is to 
find the effects of the range of pressure pulses that maximizes the amount of air inlet the 
chamber. Maximizing the amount of dry air introduced to the system helps to capture the 
water droplet presented in the pouches.  
Figure 5.29 shows pressure measurements during one complete sterilizing cycle. 
The pressure is decreased to 15 kPa and the drying process took around 10 minutes. Figure 
5.30 shows the temperature variation throughout the cycle. As air is being replaced by 
steam in the conditioning phase, the temperature in the chamber is increased to 134ºC to 
initiate the sterilization process. Different thermocouples give different readings of the 
temperature during this phase. However, during the sterilization phase, the temperature is 
uniform throughout the chamber since it’s filled with saturated steam. After 4 minutes of 
sterilization, the drying process takes place and the temperature of the steam drops. Any 
pressure pulses during the drying process means that air is being introduced to the chamber 
which mixes with the steam and causes the temperature to drop. For the cycle shown in 
Figure 5.30, the average temperatures of the fluid inside the chamber at the beginning and 
the end of the drying phase are 95ºC and 89ºC, respectively. While the average temperature 




Figure 5.29  Pressure profile in one full sterilization cycle 
 
 
Figure 5.30 Temperature profile in one full sterilization cycle 
 
Figure 5.31 shows the variation of the boiling temperature of water at different 
absolute pressure values. As it’s expected, the boiling temperature drops at lower pressures. 
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The vacuum created inside the chamber helps in decreasing the temperature at which the 
water droplets in the pouches start to boil. Heat is transferred from the surface of the tool 
to the water droplets causing the droplet to evaporate. At some point, the temperature of 
the tools drops and no more energy is supplied to the water droplet to evaporate. So, 
evaporation should take place to allow water droplets to vaporize without the need for 
boiling. Several factors can affect the evaporation rate of water, such as the velocity of the 
fluid inside the chamber as was suggested by [55]. As the velocity increases, the 
evaporation rate increases due to forced convection. So, when developing this model, the 
lower limit of the pressure pulses will be 14 kPa for all the cases. 
 
Figure 5.31 Boiling temperature variation with absolute pressure 
 
Eureqa-Formalize software is used to get the correlations that were used in 
developing the model. Eureqa-Formalize is an artificial intelligence powered modeling 
engine. These data sets were used to develop the correlations that related the pressure 
within the chamber with time. Two correlations were obtained, the first one shows the 
variation of pressure with time during the vacuuming part of process in which steam and 
air in the chamber are forced to flow out to decrease the pressure as it’s shown in Equation 
3. The R-value (Regression value) for Equation 3 is 99.98%. The R-value is a statistical 
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measure of how close the data to the fitted line. The regression value obtained indicates 
that the model can predict the outputs of the system accurately. 
P = 191 + 0.0129t2 + 14.3 exp(−0.127 × t) − 124 exp(0.00896 × t) (5.1) 
The second correlation, Equation 4, shows the variation of pressure with time 
during the pressurizing process in which air is allowed to flow in the chamber to increase 
the pressure. The R-value for this correlation is 99.99%. The developed mathematical 
model is valid between 14 kPa and 80 kPa. 
P = 15.4 + 4.53t + 0.485 log(1.68 + 17.8t) − 0.0574t2 (5.2) 
The developed correlations were solved using EES (Engineering Equations Solver). 
The results of the model were compared with an actual run in which the drying time took 
623 seconds with pressure pulses range of 15.78 kPa to 18.37 kPa. Figure 5.32 compares 
the developed mathematical model with the actual run. As can be seen, the number of the 
pulse obtained from the mathematical model is 5 which is the same as the number of pulses 
occurring in the real run. The average error value of the pressure is 4.4%. The developed 
model will be used to estimate the number of pressure pulses for each different pressure 
range and the time it takes to create one complete pressure pulse 
Table 5.11 shows the time it takes for the pressurizing phase and vacuuming phase 
for each range of the pressure pulses. 










pulse time (s) 
14 15 0.3 6.3 6.6 
14 16 0.6 13.6 14.2 
14 17 0.9 19.1 20.0 
14 18 1.2 29.2 30.4 
14 19 1.5 36.1 37.6 





Figure 5.32 Comparison between actual experimental data and the developed 
mathematical model for the drying phase 
5.2.5 The Effects of Pressure Pulses Ranges on Replacing Steam with Air 
In this section, the effects of varying the range of pressure pulses and different wall 
temperatures on the drying performance is examined by simulating a 2d model of the 
chamber with the real dimensions and conditions. The base pressure in the pressure pulses 
for all the cases is going to be 14 kPa as suggested by the literature [24]. However, the 
maximum pressure in the pressure pulses is going to be varied from 15 kPa to 20 kPa to 
simulate the displacement of steam by air going in the chamber in the pressurizing part 
during the pressure pulses, while both steam and air mixture leaves the chamber during the 
vacuuming phase. Figure 5.32 shows the geometry of the chamber with each of the pouches 
assigned a number. The two holes on the back wall act as inlets during the pressurizing 
process and outlets during the vacuuming process. On the other hand, the two holes on the 
bottom wall act only as outlets during the vacuuming process and both of them are closed 
during the pressurizing process. Each pouch is assigned a different number as it can be 
shown in Figure 5.33. Before starting the simulation, a mesh independent study is 
performed to choose the mesh size that will give accurate results with minimum 
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computational time. Figure 5.34 shows the variation of the average steam fraction of the 
first pouch after 10 sec. with changing mesh size. As it can be seen, the difference between 
the results when using 134,402 elements in the mesh size and 148,722 elements in the mesh 
size is only 0.5%. So, the mesh with 134,402 elements is going to be used in this simulation. 
Figure 5.35 shows the constructed mesh used in the simulation. 
 
Figure 5.33 2D geometry used in the simulation with dimensions and pouches numbers 
 
 




Figure 5.35 The constructed mesh used in the simulation 
 
Water mass fraction variation for the pouches over different pressure pulses ranges 
and different top and bottom wall temperatures is going to be illustrated. As it’s noted, 
every pressure pulse takes a different time to complete one pressure pulse.  
As it can be seen in Table 5.11, the expected total time to create one complete 
pressure pulse from 14 kPa to 15 kPa is 6.6 seconds. Creating the vacuum takes around 6.3 
seconds while pressurizing the chamber takes around 0.3 seconds. 
Figure 5.36 shows the drying results after one pressure pulse from 14 kPa to 15 kPa 
for one pouch in each tray. As it can be seen in Figure 5.36 (a), when the top and bottom 
walls have the same temperature as 170°C, it results in a better drying quality for pouch 
No. 5 compared to having different wall temperatures. In the 14-15 (170-170) 
configuration, the water mass fraction after the first pulse is 0.4978 compared to 0.4983 
and 0.4982 for the 14-15 (170-160) and the 14-15 (170-150) configuration, respectively. 
On the other hand, setting the top wall temperature to 150°C improves the drying quality 
for pouch No. 8 as it’s seen in Figure 5.36 (b). The water mass fraction drops from 0.4984 
when the top wall temperature is 170°C to 0.4969 when the top wall temperature is changed 
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to 150°C, which represents a 0.3% decrease in the water mass fraction. For pouch No. 11 
as it’s clear in Figure 5.36 (c), having different wall temperatures doesn’t improve the 
drying quality. Having similar wall temperatures as in the 14-15 (170-170) configuration 
results in 0.4970 water mass fraction compared to 0.4978 and 0.4974 in the 14-15 (170-
160) and the 14-15 (170-150) configurations, respectively. While for pouch No. 17, setting 
the top wall temperature to be less than the bottom wall temperature results in a less water 
mass fraction as it’s shown in Figure 5.36 (d). The behavior is almost the same when the 
top wall temperature is either 150°C or 160°C. Total water mass fractions are 0.4965 and 
0.4968 when the top wall temperature is 150°C and 160°C, respectively. While the water 
mass fraction is 0.4972 for the 14-15 (170-170) configuration. 
 
          (a) 
 
            (b) 
 
            (c) 
 
            (d) 
Figure 5.36 Water mass fraction after the first pressure pulse from 14 kPa to 15 kPa for 
pouches No. 5, 8, 11 and 17 
Figure 5.37 shows the average velocity of the fluid inside the chamber with time 
during one full pressure pulses between 14 kPa and 15 kPa for different top wall 
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temperatures while the bottom wall temperature is kept at 170°C. The average value of the 
velocities over the full period of the pressure pulse are 0.089 m/s, 0.095 m/s and 0.094 m/s 
when the top wall temperatures are 150°C, 160°C and 170°C, respectively. So, setting the 
top wall temperature as 150°C results in 1.4% decrease in the average velocity of the fluid 
over the pressure pulse compared to having both the top and the bottom wall temperatures 
as 170°C. On the other hand, setting the top wall temperature as 160°C results in 0.9% 
decrease in the average velocity of the fluid over the pressure pulse. 
 
Figure 5.37 Average fluid velocity variation inside the chamber during one full pressure 
pulse from 14 kPa to 15 kPa for different top wall temperatures 
 
As it can be seen in Table 5.11, the expected total time to create one complete 
pressure pulse from 14 kPa to 16 kPa is 14.2 seconds. Creating the vacuum takes around 
13.6 seconds while pressurizing the chamber takes around 0.6 seconds. 
Figure 5.38 shows the drying results after one pressure pulse from 14 kPa to 16 kPa 
for one pouch in each tray. For pouch No. 2 shown in Figure 5.38 (a), the 14-16 (170-150) 
configuration results in a better drying quality as the water mass fraction after the first pulse 
is 0.4877 while it’s 0.4899 and 0.4894 for the 14-16 (170-160) and 14-16 (170-170), 
respectively. However, setting the top wall temperature to be 150°C doesn’t always help 
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in reducing the water mass fraction as it’s shown in Figure 5.38 (b) for pouch No. 9. For 
the 14-16 (170-170) configuration, the water mass fraction after the first pressure pulse is 
0.4898 compared to 0.4924 when the top wall temperature is set to 150°C in the 14-16 
(170-150) configuration. In some cases, setting the top wall temperature as 160°C results 
in the least amount of water in the pouch as it’s the case for pouch No. 12 shown in Figure 
5.38 (c). The water mass fraction for the 14-16 (170-160) configuration after the first 
pressure pulse is 0.4919 while it’s 0.4937 when the top wall temperature is 170°C in the 
14-16 (170-150) configuration. This is also the case for pouch No. 16 as it’s noted in Figure 
5.38 (d). The 14-16 (170-160) results in the least amount of water presented in the pouch 
after the first pouch while the 14-16 (170-170) results in the most amount of water inside 
the pouch. The water mass fraction for the 14-16 (170-160) configuration is 0.4849 while 
it’s 0.4906 for the 14-16 (170-170) configuration. 
 
       (a) 
 
        (b) 
 
        (c) 
 
        (d) 
Figure 5.38 Water mass fraction after the first pressure pulse from 14 kPa to 16 kPa for 
pouches No. 2, 9, 12 and 16 
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Figure 5.39 shows the average velocity of the fluid inside the chamber with time 
during one full pressure pulses between 14 kPa and 16 kPa for different top wall 
temperatures while the bottom wall temperature is kept at 170°C. The average value of the 
velocities over the full period of the pressure pulse are 0.075 m/s, 0.072 m/s and 0.075 m/s 
when the top wall temperatures are 150°C, 160°C and 170°C, respectively. So, setting the 
top wall temperature as 150°C results in 0% increase in the average velocity of the fluid 
over the pressure pulse compared to having both the top and the bottom wall temperatures 
as 170°C. On the other hand, setting the top wall temperature as 160°C results in 5% 
decrease in the average velocity of the fluid over the pressure pulse. 
 
Figure 5.39 Average fluid velocity variation inside the chamber during one full pressure 
pulse from 14 kPa to 16 kPa for different top wall temperatures 
 
As it can be seen in Table 5.11, the expected total time to create one complete 
pressure pulse from 14 kPa to 17 kPa is 20 seconds. Creating the vacuum takes around 19.1 
seconds while pressurizing the chamber takes around 0.9 seconds. 
Figure 5.40 shows the drying results after one pressure pulse from 14 kPa to 17 kPa 
for one pouch in each tray. The drying results are the same when changing top wall 
temperature for pouch No. 2 as it’s shown in Figure 5.40 (a). Water mass fraction at the 
end of the first pressure pulse for this pouch is 0.4771, 0.4766 and 0.4755 when the top 
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wall temperature is 150°C, 160°C, and 170°C, respectively. However, setting the wall 
temperature as 160°C results in a less water mass fraction in pouch No. 9 compared to the 
case where the top wall temperature is 150°C as it’s clear in Figure 5.40 (b). Water mass 
fraction at the end of the first pressure pulse for the 14-17 (170-160) configuration is 0.4764 
while it’s 0.4802 for the 14-17 (170-150). Similar behavior is experienced by pouch No. 
15 as it’s shown in Figure 5.40 (c). When the top wall temperature is 160°C, water mass 
fraction 0.4755 while it’s 0.4781 and 0.4785 when the top wall temperature is set to 150°C 
and 170°C, respectively. On the other hand, setting the top wall temperature as 170°C 
similar to the bottom wall temperature results in the least amount of water mass fraction in 
pouch No. 18 as it’s shown in Figure 5.40 (d). At the end of the first pressure pulse, water 
mass fraction is 0.4805, 0.4784 and 0.4763 when the top wall temperature is 150°C, 160°C, 
and 170°C, respectively. 
 
          (a) 
 
          (b) 
 
          (c) 
 
         (d) 
Figure 5.40 Water mass fraction after the first pressure pulse from 14 kPa to 17 kPa for 
pouches No. 2, 9, 15 and 18 
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Figure 5.41 shows the average velocity of the fluid inside the chamber with time 
during one full pressure pulses between 14 kPa and 17 kPa for different top wall 
temperatures while the bottom wall temperature is kept at 170°C. The average value of the 
velocities over the full period of the pressure pulse are 0.075 m/s, 0.075 m/s and 0.074 m/s 
when the top wall temperatures are 150°C, 160°C and 170°C, respectively. So, setting the 
top wall temperature as 150°C results in 1.4% increase in the average velocity of the fluid 
over the pressure pulse compared to having both the top and the bottom wall temperatures 
as 170°C. Also, setting the top wall temperature as 160°C results in 1.4% increase in the 
average velocity of the fluid over the pressure pulse. 
 
Figure 5.41 Average fluid velocity variation inside the chamber during one full pressure 
pulse from 14 kPa to 17 kPa for different top wall temperatures 
 
As it can be seen in Table 5.11, the expected total time to create one complete 
pressure pulse from 14 kPa to 18 kPa is 30.4 seconds. Creating the vacuum takes around 
29.2 seconds while pressurizing the chamber takes around 1.2 seconds. 
Figure 5.42 shows the drying results after one pressure pulse from 14 kPa to 18 kPa 
for one pouch in each tray. For pouch No. 1, the performance for both 14-18 (170-160) and 
14-18 (170-170) configurations are the same as shown in Figure 5.42 (a). The drying 
67 
 
quality decreases when the top wall temperature is set to 150°C. After the first pressure 
pulse, the water mass fractions are 0.4626, 0.4507 and 0.4505 when the top wall 
temperatures are 150°C, 160°C, and 170°C. Similar behavior is experienced by pouch No. 
8 as it’s shown in Figure 5.42 (b) where the configuration in which the top wall temperature 
is 150°C shows the most water mass fraction compared to the 14-18 (170-160) and 14-18 
(170-170) configurations, respectively. However, setting the top wall temperature to 150°C 
helps in reducing the water mass fraction for pouch No. 12 that’s shown in Figure 5.42 (c). 
Water mass fraction after the first pressure pulse for pouch No. 12 is 0.4595 compared to 
0.4610 and 0.4616 for the 14-18 (170-160) and 14-18 (170-170) configurations, 
respectively. On the other hand, for pouch No. 18 shown in Figure 5.42 (d), when the top 
wall temperature is set to 160°C, the water mass fraction is minimized compared to the 14-
18 (170-150) and 14-18 (170-170) configurations. 
 
         (a) 
 
         (b) 
 
         (c) 
 
         (d) 
Figure 5.42 Water mass fraction after the first pressure pulse from 14 kPa to 18 kPa for 
pouches No. 1, 8, 12 and 18 
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Figure 5.43 shows the average velocity of the fluid inside the chamber with time 
during one full pressure pulses between 14 kPa and 18 kPa for different top wall 
temperatures while the bottom wall temperature is kept at 170°C. The average value of the 
velocities over the full period of the pressure pulse are 0.075 m/s, 0.073 m/s and 0.073 m/s 
when the top wall temperatures are 150°C, 160°C and 170°C, respectively. So, setting the 
top wall temperature as 150°C results in 2.7% increase in the average velocity of the fluid 
over the pressure pulse compared to having both the top and the bottom wall temperatures 
as 170°C. Also, setting the top wall temperature as 160°C results in 0% increase in the 
average velocity of the fluid over the pressure pulse. 
 
Figure 5.43 Average fluid velocity variation inside the chamber during one full pressure 
pulse from 14 kPa to 18 kPa for different top wall temperatures 
 
As it can be seen in Table 5.11, the expected total time to create one complete 
pressure pulse from 14 kPa to 19 kPa is 37.6 seconds. Creating the vacuum takes around 
36.1 seconds while pressurizing the chamber takes around 1.5 seconds. 
Figure 5.44 shows the drying results after one pressure pulse from 14 kPa to 19 kPa 
for one pouch in each tray. For all the pouches in the first tray, setting the top wall 
temperature to 160°C results in the least amount of water vapor inside the pouch. An 
example is shown in Figure 5.44 (a) for pouch No. 4. The water mass fraction when the 
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top wall temperature is set to 160°C is 0.4410 while it’s 0.4478 when the top wall 
temperature is 150°C and 0.4467 when the top wall temperature is 160°C. However, for 
pouch No. 8, setting the top wall temperature to 150°C results in a better drying quality. 
As it’s clear in Figure 5.44 (b), the water mass fraction for the 14-19 (170-150) is 0.4502 
while they are 0.4513 and 0.4508 when the top wall temperatures are 160°C and 170°C, 
respectively. On the other hand,  setting the top wall temperature as 150°C or 160°C might 
have no effect as it is shown in Figure 5.44 (c) for pouch No. 12. The water mass fractions 
after the first pressure pulse are 0.4507 and 0.4505  when the top wall temperatures are 
150°C and 160°C. while it’s 0.4518 when the top wall temperature is similar to the bottom 
one. Similar to the behavior of the pouches in the first tray is shown in Figure 5.44 (d) for 
pouch No. 18. Setting the top wall temperature as 160°C results in a water mass fraction 
of 0.4420 while it only reaches to 0.4437 and 0.4517 when the top wall temperatures are 
150°C and 170°C. 
 
        (a) 
 
         (b) 
 
       (c) 
 
        (d) 
Figure 5.44 Water mass fraction after the first pressure pulse from 14 kPa to 19 kPa for 
pouches No. 4, 6, 12 and 18 
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Figure 5.45 shows the average velocity of the fluid inside the chamber variation 
with time during one full pressure pulses between 14 kPa and 19 kPa for different top wall 
temperatures while the bottom wall temperature is kept at 170°C. The average value of the 
velocities over the full period of the pressure pulse are 0.071 m/s, 0.071 m/s and 0.071 m/s 
when the top wall temperatures are 150°C, 160°C and 170°C, respectively. So, setting the 
top wall temperatures as 150°C or 160°C results in 0% increase in the average velocity of 
the fluid over the pressure pulse compared to having both the top and the bottom wall 
temperatures as 170°C. 
 
Figure 5.45 Average fluid velocity variation inside the chamber during one full pressure 
pulse from 14 kPa to 19 kPa for different top wall temperatures 
 
As it can be seen in Table 5.11, the expected total time to create one complete 
pressure pulse from 14 kPa to 20 kPa is 43.9 seconds. Creating the vacuum takes around 
42.1 seconds while pressurizing the chamber takes around 1.9 seconds. 
Figure 5.46 shows the drying results after one pressure pulse from 14 kPa to 20 kPa 
for one pouch in each tray. As it can be seen in Figure 5.46 (a), setting the top wall 
temperature as 160°C results in the lowest amount of water vapor of 0.4142 in pouch No. 
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5 while the water mass fractions increase to 0.4222 and 0.4169 when the top wall 
temperature is 150°C and 170°C, respectively. On the other hand, for pouch No. 6 shown 
in Figure 5.46 (b), the water mass fraction when the top wall temperature is 150°C is 0.4074 
which is lower than 0.4041 and 0.4023 when the top wall temperatures are 160°C and 
170°C, respectively. Changing the top wall temperature can have a negligible effect as it’s 
shown in Figure 5.46 (c) for pouch No. 13. The water mass fractions for when the top wall 
temperatures change as 150°C, 160°C and 170°C are 0.4355, 0.4364, and 0.4349, 
respectively. Pouch No. 17 undergoes similar effect as the pouches in the first tray as shown 
in Figure 5.46 (d). Setting the top wall temperature to 160°C results in a lower water mass 
fraction of 0.4379 compared to 0.4356 and 0.4389 when the top wall temperatures are 
150°C and 170°C, respectively. 
 
         (a) 
 





Figure 5.46 Water mass fraction after the first pressure pulse from 14 kPa to 20 kPa for 




Figure 5.47 shows the average velocity of the fluid inside the chamber variation 
with time during one full pressure pulses between 14 kPa and 20 kPa for different top wall 
temperatures while the bottom wall temperature is kept at 170°C. The average value of the 
velocities over the full period of the pressure pulse are 0.078 m/s, 0.072 m/s and 0.072 m/s 
when the top wall temperatures are 150°C, 160°C and 170°C, respectively. So, setting the 
top wall temperature as 150°C results in 8.3% increase in the average velocity of the fluid 
over the pressure pulse compared to having both the top and the bottom wall temperatures 
as 170°C. Also, setting the top wall temperature as 160°C results in 0% increase in the 
average velocity of the fluid over the pressure pulse. 
 
Figure 5.47 Average fluid velocity variation inside the chamber during one full pressure 
pulse from 14 kPa to 20 kPa for different top wall temperatures 
 
Figure 5.48 shows the average water mass fraction inside all the pouches after one 
complete pressure pulse for all the different pressure pulses ranges in the simulation 
withvarying the top wall temperature as 150°C, 160°C to 170°C while the bottom wall 
temperature remains as 170°C. It’s clear that setting the top wall temperature to 160°C 
results in an overall enhanced circulation and thus lower average water mass fraction inside 
the pouches after the completion of the first pressure pulse. For the first case where pressure 
pulse range is from 14 kPa to 15 kPa, changing the top wall temperature has no effect on 
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the average steam content inside the pouches. However, the only pressure pulse range 
where setting the top wall temperature as 150°C results in the lowest water mass fraction 
is when the pressure pulse is 14 kPa to 16 kPa. The average water mass fraction when the 
top wall temperature is 150°C is 0.4978 which shows a 0.12% improvement compared to 
the configuration where the top wall temperature is 160°C and 0.08% compared to the 
170°C configuration. For all the rest of pressure pulses ranges where the upper limit of the 
pressure pulse is 17 kPa or higher, setting the top wall temperature as 160°C results in the 
lowest water mass fraction inside the pouches. The water mass fractions and the percentage 
improvement of each of them compared to the original configuration in which both the top 
and bottom wall temperatures are 170°C are shown in Table 5.10. As it can be seen, setting 
the top wall temperature as 160°C improves the drying quality by decreasing the water 
mass fraction when the upper limits of the pressure pulses are: 17 kPa, 18 kPa, 19 kPa, and 
20 kPa. While setting the top wall temperature to 150°C only improve the drying quality 
when the upper limits of the pressure pulses are 16 kPa and 19 kPa. 
 
Figure 5.48 Average water mass fraction for the 20 pouches after one complete pressure 
pulse for different ranges of pressure pulses and different top wall temperatures 
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Table 5.12 Water mass fractions for different ranges of pressure pulses and different top 






% improvement Water mass 
fraction 
% improvement 
1700C 1600C 1600C 1500C 1500C 
14-15 kPa 0.4978 0.4978 0.00 0.4978 0.00 
14-16 kPa 0.4885 0.4887 -0.04 0.4881 0.08 
14-17 kPa 0.4772 0.4764 0.17 0.4777 -0.10 
14-18 kPa 0.4561 0.4549 0.26 0.4592 -0.68 
14-19 kPa 0.4446 0.4415 0.70 0.4441 0.11 
14-20 kPa 0.4269 0.4260 0.21 0.4288 -0.45 
 
The average chamber temperature should be taken into account while discussing 
the differences in the performance when changing both the pressure pulses ranges and the 
top wall temperatures. To aid in the evaporation of any condensed water droplets inside 
the pouches, the average temperature inside the chamber has to be as high as possible. As 
changing the top wall temperature to a lower value than the bottom wall temperature which 
is 170°C help in enhancing the natural circulation of the fluid due to a larger temperature 
difference, the average temperature inside the chamber is expected to decrease with time 
as more air is introduced to the chamber. Figure 5.49 shows the variation of the average 
temperature of the air-steam mixture inside the chamber after one complete pressure pulse 
for different top wall temperatures and pressure pulses ranges. As can be seen, the average 
temperature of the fluid inside the chamber drops as the top wall temperature decreases. In 
addition, the range of the pressure pulses has a great effect on the average temperature of 
the fluid inside the chamber. The lower the pressure range, the less air introduced to the 
cycle in one pressure pulses and thus the higher the average temperature is going to be. In 
addition, the lower the pressure pulse range, the less time the pressure pulses takes to 
complete and the higher the average temperature of the fluid inside the chamber. 
As it was shown earlier, the dry air inlet temperature is assumed to be 30°C as the 
ambient air passes by the outer surface of the boiler and increases its temperature. In order 
to maintain higher temperature inside the chamber throughout the drying cycle, one 
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suggestion is to increase the temperature of the air introduced to the chamber by either 
increasing the exposed area of the boiler or adding an electric heat the increases the 
temperature of the dry air before entering the chamber to increase the pressure during the  
 
Figure 5.49 Average fluid temperature inside the chamber after one complete pressure 
pulses for different pressure pulses ranges and top wall temperatures 
 
 
Figure 5.50 The effect of changing dry air inlet temperature on the average fluid 
temperature inside the chamber after one pressure pulses from 14 kPa to 15 kPa at a 
different top wall temperature 
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creation of pressure pulses. Figure 5.50 shows the difference between the average fluid 
temperatures inside the chamber after one complete pressure pulse from 14 kPa to 15 kPa 
for different top wall temperature as the dry air inlet temperature is changing from 30°C to 
60°C. However, since the mass of the introduced air to the chamber is very small, the 
expected effect on the temperature is almost negligible as it’s shown in Figure 5.51. As the 
top wall temperature decreases, the effect of the dry air temperature becomes more obvious. 
The average fluid temperature inside the chamber when the top wall temperature is 150°C 
is increased from 93.3°C to 93.9°C which represents a 0.64% increase in the average 
temperature. However, the percentage increase in the average fluid temperature drops to 
0.32% and 0.31% when the top wall temperatures are 160°C and 170°C, respectively. So, 
it’s clear that changing the temperature of the dry air introduced to the chamber during the 
pressurizing process in the pressure pulses has a negligible effect on the average 














Chapter 6: Conclusions and Recommendations  
In this chapter, the main concluding remarks obtained through the experimental and 
theoretical studies are presented. Furthermore, the recommendations based on the attained 
expertise are listed for future work.  
6.1 Conclusions 
This thesis investigated, experimentally, the effects of different ranges of pressure pulses 
and walls temperatures on the drying quality. Also, the effects of previous parameters on 
the average velocity, temperature and the homogeneity of the fluid inside the chamber and 
the drying quality is studied numerically. The main findings can be made of this study are 
categorized into experimental and numerical results. The main findings obtained from the 
experimental invistigations are listed as follows: 
 When the pressure pulses range is 14 kPa to 16 kPa, the amounts of water remaining 
on the 16 pouches are 2 gram, 5 grams, and 10 grams when the top wall 
temperatures are 170°C, 160°C, and 150°C, respectively. 
 When the pressure pulses range is 14 kPa to 18 kPa, the amounts of water remaining 
on the 16 pouches are 12 gram, 11 grams, and 2 grams when the top wall 
temperatures are 170°C, 160°C, and 150°C, respectively. 
 When the pressure pulses range is 14 kPa to 20 kPa, the amounts of water remaining 
on the 16 pouches are 12 gram, 17 grams, and 16 grams when the top wall 
temperatures are 170°C, 160°C, and 150°C, respectively. 
 When the pressure pulses range is between 14 kPa to 16 kPa, the energy efficiencies 
are 78.29%, 70.46% and 57.41% while the exergy efficiencies are 30.22%, 27.24% 
and 22.29% when the top wall temperatures are 170°C, 160°C, and 150°C, 
respectively. 
 When the pressure pulses range is between 14 kPa to 18 kPa, the energy efficiencies 
are 50.07%, 52.57% and 75.1% while the exergy efficiencies are 20.36%, 21.36% 




 When the pressure pulses range is between 14 kPa to 20 kPa, the energy efficiencies 
are 46.89%, 35.17% and 37.51% while the exergy efficiencies are 20.45%, 15.46% 
and 16.46% when the top wall temperatures are 170°C, 160°C, and 150°C, 
respectively. 
The main findings obtained from the analytical and numerical studies are listed as 
follows: 
 Increasing the air flow velocity over water increases the amount of evaporated 
water from 2.4 grams to 49 grams when then the velocity increases from 1.5 m/s to 
3 m/s during the 4 minutes of simulation. 
 For the 3D geometry of the chamber, after 20 seconds, the simulations show that 
the average velocity magnitudes of the fluid inside the chamber are: 0.044 m/s, 
0.031 m/s, 0.017 m/s 0.014 m/s, 0.024 m/s for the (170-150), (170-160), (160-170), 
(150-170) and (170-170) configurations, respectively. 
 For the 3D geometry of the chamber, after 20 seconds, the simulations show that 
the steam mass concentrations in the top half of the chamber are: 0.45, 0.46, 0.44, 
0.4 and 0.46 for the (170-150), (170-160), (160-170), (150-170) and (170-170) 
configurations, respectively. 
 For the 3D geometry of the chamber, after 20 seconds, the simulations show that 
the average temperatures of the fluid inside the chamber are: 149.8°C, 154.1°C, 
154.4°C, 158.9°C and 158.1°C for the (170-150), (170-160), (160-170), (150-170) 
and (170-170) configurations, respectively. 
 For the 3D geometry of the chamber with a condenser at 20°C, after 20 seconds, 
the simulations show that the average velocity magnitude of the fluid inside the 
chamber is 0.142 m/s, the steam mass concentrations in the top half of the chamber 
is 0.47 and the average temperature of the fluid inside the chamber is 139.8°C.  
 After one completer pressure pulse from 14 kPa to 15 kPa, the average water mass 
fraction remaining inside the 20 pouches in the 2D simulations are 0.4978, 0.4978 
and 0.4978 and the average fluid temperatures are 95.2°C, 94.5°C and 93.3°C  when 
the top wall temperatures are 170°C, 160°C, and 150°C  
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 After one completer pressure pulse from 14 kPa to 16 kPa, the average water mass 
fraction remaining inside the 20 pouches in the 2D simulations are 0.4885, 0.4887 
and 0.4881 and the average fluid temperatures are 84.1°C, 83.7°C and 82.0°C when 
the top wall temperatures are 170°C, 160°C, and 150°C. 
 After one completer pressure pulse from 14 kPa to 17 kPa, the average water mass 
fraction remaining inside the 20 pouches in the 2D simulations are 0.4772, 0.4764 
and 0.4777 and the average fluid temperatures are 80.5°C, 78.7°C and 78.7°C when 
the top wall temperatures are 170°C, 160°C, and 150°C.  
 After one completer pressure pulse from 14 kPa to 18 kPa, the average water mass 
fraction remaining inside the 20 pouches in the 2D simulations are 0.4561, 0.4549 
and 0.4592 and the average fluid temperatures are 77.9°C, 77.6°C and 79.8°C when 
the top wall temperatures are 170°C, 160°C, and 150°C.  
 After one completer pressure pulse from 14 kPa to 19 kPa, the average water mass 
fraction remaining inside the 20 pouches in the 2D simulations are 0.4446, 0.4415 
and 0.4441 and the average fluid temperatures are 79.5°C, 78.0°C and 77.4°C when 
the top wall temperatures are 170°C, 160°C, and 150°C. 
 After one completer pressure pulse from 14 kPa to 20 kPa, the average water mass 
fraction remaining inside the 20 pouches in the 2D simulations are 4269, 0.4260 
and 0.4288 and the average fluid temperatures are 79.1°C, 77.5.0°C and 77.0°C 
when the top wall temperatures are 170°C, 160°C, and 150°C. 
 Increasing the temperature of the dry air inlet during the creation pressures pulses 
because from 30°C to 60°C results in increasing the average fluid temperature 
inside the chamber by 0.64%, 0.32% and 0.31% when the top wall temperatures 
are 170°C, 160°C, and 150°C. 
6.2 Recommendations 
In this thesis, various parameters are changed to investigate the effects of those parameters 
on the drying quality. The provided results in this work provide experts in the field with 
potential solutions to improve the process. The following recommendations were based on 
the results of this thesis: 
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 Accurate control of the upper limit of the pressure pulses will help in creating more 
pulses for the same drying phase time since the average difference of the upper 
limit of the pressure pulses between the set value and the measured one is around 
12.7%.  
 Thermocouples must be installed in different places inside the chamber during the 
drying phase when having different wall temperatures to measure the effect of the 
wall temperatures on the fluid temperature. 
 A more powerful vacuum pump than the already installed venture system is 
required to create pressure pulses since more pressure pulses can be created at a 
specific cycle time by reducing the time needed to create the vacuum pulses. 
 Detailed full simulation for the full load of pouches to study the whole drying phase 
including all the pressure pulses is required to better understand the phenomena and 
find potential solutions. 
 The design of the boiler should be improved Improve the overall heat transfer 
between the drying air and the boiler to increase the temperature of the drying air 
introduced to the chamber instead of just passing the air over the surface of the 
boiler. 
 Suitable phase change materials should be placed inside the chamber to store some 
heat during the sterilization phase and release that heat during the drying phase as 
the average temperature of the fluid drops which will help to increase the 
temperature of the fluid and thus helps in removing the droplets of water remaining 
on the pouches. 
 The inclusion of moisture wicking material such as sorption materials (silica gel). 
 When doing the experiments, the pouches should be placed such that the plastic 
side is facing upward so the water droplets can escape from the pouch by the help 
of the gravitational force and thus make the tools inside the pouch dry. 
 Increasing the range of the pressure pulses will help in increasing the mass of dry 
air being introduced to the chamber during each pulse. However, more pulses 
should be achieved by either enhancing the control of the upper limit of the pressure 
pulses or replacing the venture system by a more powerful vacuum pump. 
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